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S-Adenosylmethionine (AdoMet) is the methyl donor 
of numerous methylation reactions. The current model 
is that an increased concentration of AdoMet stimulates 
DNA methyltransferase reactions, triggering hyper- 
methylation and protecting the genome against global 
hypomethylation, a hallmark of cancer. Using an assay 
of active demethylation in HEK 293 cells, we show that 
AdoMet inhibits active demethylation and expression of 
an ectopics 11 y methylated CMV-GFP (green fluorescent 
protein) plasmid in a dose-dependent manner. The inhi- 
bition of GFP expression is specific to methylated GFP; 
AdoMet does not inhibit an identical but unmethylated 
CMV-GFP plasmid. S-Ade no sylhomo cysteine (AdoHcy), 
the product of methyltransferase reactions utilizing 
AdoMet does not inhibit demethylation or expression of 
CMV-GFP. In vitro, AdoMet but not AdoHcy inhibits 
methylated DNA-binding protein 2/DNA demethylase as 
well as endogenous demethylase activity extracted from 
HEK 293, suggesting that AdoMet directly inhibits de- 
methylase activity, and that the methyl residue on 
AdoMet is required for its interaction with demethylase. 
Taken together, our data support an alternative mech- 
anism of action for AdoMet as an inhibitor of intracel- 
lular demethylase activity, which results in hyper- 
methylation of DNA. 



S-Adenosylmethionine (AdoMet) 1 is the main methyl donor 
in numerous methyltransferase reactions in all organisms (1). 
The reduced derivative of 5,10-methylenetetrahydrofolate, 
5-mcthyltetrahydrofolatc, provides the methyl group for methi- 
onine and AdoMet synthesis (2). A series of rodent experiments 
as well as epidemiological data have suggested a correlation 
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between diets deficient in folate or in sources of methyl groups 
(i.e. foods containing methionine, one-carbon compounds, and 
choline) and the risk for colorectal adenomas and cancer (3). 
Such diets, referred to collectively as methyl-deficient, have 
been shown to promote livor cancer in rodents (4, 5), and 
AdoMet treatment was shown to prevent the development of 
liver cancer in rat (6). 

In light of the clinical and epidemiological data suggesting a 
link between AdoMet levels and cancer, it is important to 
understand the tumor protective mechanism of action of 
AdoMet, as well as the tumor, promoting action of methyl- 
deficient diets. This is of importance not only for realizing the 
therapeutic potential of AdoMet, but also for unraveling basic 
mechanisms of tumorigenesis, especially the role of methyl 
group metabolism. AdoMet is the cofactor for transmethylation 
reactions including DNA methylation (7, 8), whereas S-adeno- 
syl homocysteine (AdoHcy) is the product of transmethylation 
reactions and an inhibitor of DNMTs (9). A current model is 
that exogenous administration of AdoMet increases the intra- 
cellular ratio of AdoMet to AdoHcy, thus stimulating DNMT 
activity resulting in increased DNA methylation (6, 10). An 
increase in AdoHcy concentrations, even without a concomitant 
reduction in AdoMet results in inhibition of DNMT and DNA 
hypomethylation (11). Methyl-deficient diets decrease intracel- 
lular AdoMet concentration, increase AdoHcy concentrations, 
and trigger DNA hypomethylation (5, 12, 13). A genetic link 
was established between polymorphisms in the methylenetet- 
rahydrofolate reductase gene encoding the enzyme catalyzing 
the synthesis of 5-raethyltctrahydrofolate, and DNA hypo- 
methylation (14, 15). Global hypomethylation of DNA is a hall- 
mark of cancer (16, 17). If the mechanism of action of methyl- 
rich diets in cancer chemoprevention and methyl-deficient 
diets in cancer promotion is through changing genomic meth- 
ylation status, then it implies that global hypomethylation 
plays a causal role in cancer. This hypothesis is supported 
by the observation that 5-azacytidine, a DNMT inhibitor 
(18) can reverse AdoMet-mediated chemoprevention of liver 
carcinogenesis (19). 

Although it has been controversial, there is now little doubt 
(1) that exogenous AdoMet increases the intracellular AdoMet 
levels. AdoMet uptake into cells has also been verified through 
a high performance liquid chromatography analysis (20). A 
number of data support the notion that exogenous AdoMet 
causes hypermethylation of DNA (10, 21). 

Whereas tin's model provides an attractively simple explana- 
tion as to the possible relationship between exogenous AdoMet 
administration and DNA methylation, there are a number of 
unresolved issues. First, increased AdoMet should increase 
DNMT activity only if the normal intracellular concentration of 

This paper is available on line at http://www.jbc.org 
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pressed (RNA aod protein) in most hypo- 
mcthylatcd tumors (Fig. 3C) is consistent 
with a mechanism in which a gain of chro- 
mosome 15 contributes, at least in part, to 
the elevated expression of c-myr. Moreover, 
c-myc expression was lower in the two tu- 
mors that did not show trisomy 15 than in 
die other minors (Fig. 3C). 

Our results show that genomic hypo- 
methylation causes tiimorigenesis in mice and 
is associated with the acquisition of additional 
genomic changes. Consistent with this, genom- 
ic hypomethylation was found to promote tii- 
morigenesis in a different mouse tumor model 
and to increase the rate of LOH in cultured 
fibroblasts (23). However, it remains possible 
that DNA hypomethylation contributes to tu- 
rn origenesis through other mechanisms unrelat- 
ed to chromosomal instability. The phenotype 
of hypomethylated mice is also consistent with 
that of Suv39h hi stone methyltrhnsferase mu- 
tant mice; hence, DNA and histone methyJ- 
ation, pericentric chromatin structure, and the 
maintenance of chromosomal stability may be 
linked (30). 

DNA methyltransferase inhibitors such as 
5-aza-2'-deoxycytidine have been used suc- 
cessfully to treat cancer in humans (19. 31) and 
mice (32, 33). The efficacy of these drugs is 
presumably due to their ability to reverse the 
epigenetic silencing of tumor suppressor genes, 
m light of our results, however, this therapeutic 
strategy should perhaps be considered a double- 
edged sword: Genomic dcmcthylauon may pro- 
tect against some cancers such as intestinal 
tumors in the Apc Min mouse model (32) but 
may promote genomic instability and LOH (20 % 
23) and increase the risk of cancer in other 
tissues, as seen in hypomethylated mutant mice. 
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(j) Hypomethylation may induce endoge- 
nous retroviral elements, leading in turn to in- 
scrtionaJ activation of pioto-oncogenes (13). To 
test this idea, we hybridized RNA from ran- 
domly selected tumors with a Moloney murine 
leukemia vims (MMLV ) cDNA probe and an 
LAP probe to detect endogenous retroviral and 
1AP expression, respectively. Of nine 
DnmtJ^P- tumors, none showed C-type retro- 
viraJ activation (Fig. 3 A) (14) and only one of 
eight tumors showed a moderate increase in 
1AP expression (Tig. 3B f lane 7). In contrast, 
strong C-type retroviral expression was seen in 
a MMLV- induced lymphoma [Fig. 3A. slot al 
(75)] and LAP expression was highly activated 
inDnmtl '- fibroblasts [Fig. 3B, lanes 10 to 12 
(16)]. Because c-myc is a frequent target for 
inserti anal activation by retroviral elements 
(1 7). we searched for inserted proviral elements 
in hypomethylated and MMLV -induced tu- 
mors. In 3 of 12 MMLV- induced tumors, an 
insert ional rearrangement was seen in the vicin- 
ity of the c-myc locus, in agreement with pre- 
vious observations (77). In contrast, no rear- 




rangements were detected in hypomethylated 
tumors [0/18 (7 7)]. We conclude that the extent 
of hypomethylauon in £>/?ro/7 ch,p, '~ mice does 
not effectively activate endogenous retroviral 
elements and that virus insertions may not be a 
prevalent mechanism in hypomethylarion-in- 
duced lymphoma. 

(ii) Hypomethylation may activate proto- 
oncogenes through epi genetic effects (18. 
19). Indeed, c-myc was overexpressed in 
most hypomethylated tumors (Fig, 3C). How- 
ever, it is unlikely that activation of c-myc is 
a direct consequence of promoter deinethyl- 
ation because the gene is expressed at normal 
levels io thymuses from 2- and 4-week-old 
mice that show a level of hypomethylation 
identical to that of the rumors [Fig. ID (//)]. 
In addition, c-myc was not activated in 
Dnmr'- fibroblasts that are almost complete- 
ry demethylated (16). Finally, if oncogene 
activation by hypomethylation stimulated T 
cell proliferation as a first step in transforma- 
tion, one would expect the lymphomas to be 
polyclonal rather than monoclonal (Fig. 2C). 
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Fig. 3. Expression and chromosomal analysis of hy- 
pomethylated tumors. (A) RNA slot blot of 
Dnmt? c " lpA " lymphomas (lanes b, c, and d) probed 
with MMLV cDNA. Also shown are a positive control 
lymphoma from a Mov-1 mouse [slot a1 {15)] and 
negative control thymuses from wild-type 129/Sv (slot a2) and a wild-type llttermate of a tumor- 
bearing mouse (slot a3). (B) Northern blot of lAPs In Dnmt1^ r ~ tumors. lAPs can be detected In most 
tumors, whereas wild-type thymus does not show IAP expression. Positive control (lanes 10 to 12, 1:3 
serial dilutions) are Dnmtl-*- hypomethylated fibroblasts that have been shown to activate IAP 
expression (76). Comparison of IAP and giyceraldehyde-3-phosphate dehydrogenase (CAPDH) levels 
shows that most clones express much less lAPs than the positive control. (C) Expression levels of c-myc 
were assessed by Northern blot (top two panels) and by immunoblot (bottom two panels). Lanes 2 to 
7 are tumors that showed chromosome 1 S trisomy; lanes 8 and 9 are tumors that are diploid for 
chromosome 15. Probes used were c-myc exon 2 for the Northern analysis and a rabbit polyclonal IgG 
antibody to c-myc for immunobtots (Santa Cruz Biotechnology). (D) Array comparative genome 
hybridization (CGH) analyses of three DnmtY* i * / - tumors, showing dear single-copy, whole-chromo- 
some gain of chromosome 15 (x, y, and z), whole-chromosome gains of 1 4 and loss on distal 12 (x), and 
gains of chromosome 1 4 and proximal 9 (y). The X gain (x) reflects a sex Difference between tumor and 
control. Array CGH was performed as in (26). Fluorescence ratios (average of quadruplicate measure- 
ments) for each bacterial artificial chromosome are plotted as a function of genome location based on 
the February 2002 freeze of the assembled mouse genome sequence (httpy/genomejjcsc.edu). Vertical 
lines delimit chromosome boundaries. 



(iu) Hypomethylation may induce genom- 
ic instability. In tact, a significantly increased 
frequency of chromosomal rearrangements 
such as loss of heterozygosity (LOH) was 
observed in Dnmtl mutant ES cells, suggest- 
ing that normal levels of methylation arc 
important for genomic stability (20). Defects 
in DNA methylation have been linked to 
genome instability in studies of colorectal 
tumor cell lines (21), mouse rumor models 
(22, 23). and patients with immunodetlcicn- 
cy-centromeric instability-facial anomalies 
(ICF) syndrome (24. 25). 

To test whether DNA hypomethylation 
increases genomic instability in Dnmtl eh,T *~ 
tumors, we performed array-based compara- 
tive genome hybridization [array CGH (26)] 
using thymic tumor genomic DNA prepared 
from Dnmtl^- and Mov-1 (75) and Mov- 
14 (27) MMLV transgenic mice (Fig. 3D). 
There was a statistically significant differ- 
ence in chromosome gains between these tu- 
mor classes (Table 1 ). Ten of 12 hypomethyl- 
ated tumors exhibited a gain of chromosome 
15., whereas only 2 of 12 MMLV-induced 
tumors showed this change (P = 0.004). 
Relative to MMLV-induced tumora, hypom- 
ethylated tumors also displayed a gain of 
chromosome 14 (4/12 versus 0/12, P = 0 05) 
and a higher degree of duplicated and deleted 
chromosome regions (Table 1 ) (Fig. 3D). 

Together with the ccntromeric hypo- 
methylation we observed (Fig. 1C), these re- 
sults suggest a causal link between DNA hy- 
pomethylation and chromosomal instability as 
one mechanism leading to tumorigenesis. The 
increased fluorescence ratios observed for chro- 
mosomes 14 and 15 are consistent with single- 
copy whole-chromosome gains throughout the 
tumor (Fig. 3D), which suggests that they are 
early events in the development of these mono- 
clonal T cell lymphomas. Chromosome 15 is 
frequently duplicated in mouse T cell rumors 
(28. 29) and contains the oncogene c-m)<c, 
which when overexpressed causes T cell lym- 
phomas (77). The fact mat c-myc is overex- 



Table 1. Gains or bsses of chromosomes in 
Dnmtl***- and MMLV-induced tumors The num- 
bers indicate the number of times a particular event 
occurred In the Dnmil^^- or Moloney tumors. 
These events were not mutually exclusive; many 
tumors exhibited multiple chromosomal events. 



Chromosomal 
changes 


tumors 
(n - 12) 


MMLV- 
induced 
tumors 
<n= 12) 


Chr 15 gain 


10 


2 


Chr 14 gain 


4 


0 


Chr 10 gain 


O 


1 


Partial Chr 9 gain 


2 


0 


Partial Chr 4 gain 


1 


0 


Partial Chr 16 loss 


1 


0 


Partial Chr 12 loss 


1 


0 
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ation. Dnmtl embryonic stem (ES) cells 
expressed 10% of wild-type levels (Tig. 1A). 
To test whether the reduced Dnmtl expres- 
sion affected UNA methyiation in vivo, we 
generated mice carrying the diffeient Dnmtl 
alleles and determined their global methyl- 
ation levels with the use of a probe for en- 
dogenous retroviral A type particles (IAPs) 



(Fig. I, B and D) (10) and centromeric re- 
peats (Fig. 1C). Southern blot analysis of 
embryonic fibroblasts and adult tissues 
showed that the DNA from compound het- 
erozygotes was hypomethylated relative to 
the DNA from DnmtJ****** or Dnmtl ^ 
mice, although substantially less so than the 
DNA from Dnmrl-'- null ES cells. Mice car- 



Fig. 1. Cenomk hy po- 
rn ethy la ti on in Dnmtl hy- 
pomorphic mice. (A) Im- 
mune- blot analysis of pro- 
tein extracts from ES 
cells, using a C-termlnal 
Dnmtl chicken antibody 
(54). The level of Dnmtl 
in Dnmt1 chi *'~ ES cells 
was markedly reduced, 
demonstrating the hypo- 
morphlc nature of this al- 
lele. The Dnmtl-'- nega- 
tive control extracts did 
not show any bands, as 
expected [c allele (7)]. A 
Promega antibody to 
chicken immunoglobulin 
Y (IgY). with horseradish 
peroxidase as secondary 
antibody, was used; de- 
tection was performed 
with the Amersham Phar- 
macia Biotech ' ECL kit. 
The Coomassie gel shows 
total protein levels in 
each sample. (B) Southern Wot of methyiation status of IAPs in Dnmtl* tl * /cM * and Dnmtl* 1 *'- mice. 
Genomic DNA was digested with the methyiation -sensitive restriction enzyme Hpa II and probed 
with an IAP cDNA probe (70). Hypomethylatlon was detected In thymus from 6-week-old 
Dnmtl'***'- mice and in Dnmtl***'- embryonic day (E) 14.0 fibroblasts but not in Dnmtl***'*** 
homozygotes or wild-type controls, as evidenced by the presence of tower molecular weight DNA 
fragments. (C) Southern blot analysis of centromeric repeat methyiation of E14.0 fibroblasts from 
mice containing various Dnmtl alleles. Hypomethylation is evident in the Dnmtl*'*'- lanes. (D) 
Southern blot analysis of IAP methyiation status in tissues from a 6-week-old Dnmtl*** 1 **' mouse 
and in lymphomas. Significant hypomethylation is evident in all Dnmt1* l *'~ tissues. Controls for 
methyiation {Dnmtl*'* ES cells) and hypomethylatlon {Dnmt1~ y ~ ES cells) are also shown (ES, 
ES cells; W, Onmf 7 M, Dnrntl* 1 **-). 




rying the different Dnmtl alleles were ob- 
tained at the expected Mendel ian ratios, indi- 
cating that reduction of Dnmtl expression to 
10% was compatible with viability. However, 
compound hcterozygotes (DumfV* 1 " 1 *"") were 
runted and their weight at birth was only 70% 
that of Dnmtl w ~~ mice, in contrast to mice 
homozygous for the hyponiorphic allele 
(/)/m/// ch,,ychtp ), which were normal in size 
(Fig. 2A). Dnmtl*****- mice, although re- 
maining substantially underweight, were fer- 
tile and generated litters of nonrunted pups 
when bred with wild-type mice. 

In addition to the runted phenotypc, 80% 
of Dnmtl cYl{ ^" mice developed aggressive 
thymic tumors at 4 to 8 months of age. Cu- 
mulative survival of the Dnmtl ahi ^~ mice is 
shown in Fig. 2B. Histological analysis clas- 
sified the tumors as T cell lymphomas (/J), 
and fluorescence-activated cell sorting 
(FACS) analysis revealed that most tumors 
were CD4-/CD8+ or CD4*/CD8* (Fig. 2D). 
When tested for D-to-J rearrangements in the 
T cell receptor £ locus, four of 10 tumors 
showed a predominant Df31-to-Jpl real- 
ranged band (Fig. 2C, lanes 5, 9, 11, and 13) 
consistent with moaoclonaJity. Tumors with- 
out Dpl-to-JjVI recombination may have 
rearranged other D and, J elements. Mono- 
clonaJity suggests that hypomcthyl ation in- 
duces cancer in a precursor cell, with subse- 
quent events leading to malignant minor 
formation. Consistent with frequent activa- 
tion of the e-myc oncogene in mouse and 
human lymphoma (12\ we found that c-myc 
was overexpressed in almost all hypomethyl- 
ated tumors (15/18 Dnmtl^r, Fig. 3C). 

Genomic hypomethylation may contribute 
to lymphomagenesis by an epigeberic or a 
genetic mechanism. We considered three 
possible mechanisms. 



Fig, 2. Dnmtl hypomorphs are runted and develop T cell 
lymphomas. (A) Average weight of Damn***'* (n — 20) and 
Dnmtl***'' (n = 20) male Uttermates at birth (Inset). 
Dnmtl*™*'- mice were 66% as large as Dnmt1 cti *'^ mice. 
Females showed the same runt phenotype. The error bar 
indicates ± 1 SD, p < 0.0001 (Student t test. StatVlew S.0.1 
software). Also shown are growth curves of Dnrot7 ch,p/ch,f> , 
Dnmtl*'*'- 1 and wild- type mate mice. Six to 10 mice of each 
genotype were used for each data point. (&) Cumulative 
survival of Dnmtl****- mice. Most Dnmtl*""- mice became 
terminally III between 4 and 8 months of age. Control mice 
were Dnmtl***'** (n = 18); experimental mice were 
Dnmtl****'- (n ™ 33). Mice were au tops ied when visibly ill. At 
autopsy, 23 of 33 Dnmtl* 1 *'- mice had developed tumors 
(21 lymphomas and 2 fibrosarcomas). Autopsy of Dnmtl***' 
chip mice at 6 months (n = 12) and 12 months (n = 6) 
showed no evidence of tumor formation. (C) D(31-to-JfJ1 
rearrangement at the TCRp locus was analyzed by the poly- 
merase chain reaction as described (35), using primers 1 and 
4 therein. The asterisk denotes the germline configuration 
[2171 base pairs (bp)]. When rearranged, five different am- 
plified fragments are possible, ranging from 1561 to 381 bp (see wild-type thymus, lanes 1 to 3). Controls also 
include wild-type tail DNA (lane 14) and thymus DNA from a recombination-deficient RAGI"'" mouse. (D) 




FACS analysis of wild-type thymus (left) or Dnmtl* 1 *'- tumors (middle and right) stained for CD4 and CD8 
receptors, T cell-specific markers. Tumors analyzed (n - 16) contained either double- positive CD4 h « h /CD8 hi8h 
cells (9/16, middle panel) or CD4 to *7CD8 hi « h cells (7/16. right panel). 
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